The most immature lymphoid-committed progenitors in both the bone marrow (common lymphoid progenitor) and thymus (proT1) maintain a latent granulocyte͞macrophage (G͞M) differentiation potential that can be initiated by signals emanating from exogenously expressed IL-2 receptors. In this study, we investigate at which developmental stage thymocytes lose this G͞M differentiation potential. We demonstrate that the next maturational stage after proT1 cells (proT2), but not preT (TN3) cells, can convert cell fate from lymphoid to myeloid in response to ectopic IL-2 receptor signaling in human IL-2R␤ transgenic mice. It is significant that approximately 10% of clonogenic G͞M colonies derived from proT cells of IL-2R␤ transgenic mice have DJ rearrangement specifically at the D␤1 but not D␤2 segment in the TCR␤ locus. No TCR gene rearrangement is observed in G͞M cells from nontransgenic mice, suggesting that the G͞M cells we observe in this system were truly lymphoid-committed before stimulation with IL-2. In addition, D␤1 and D␤2 DJ rearrangement of the TCR␤ gene may be differentially regulated and thus serve as markers for distinct proT cell maturational stages.
The most immature lymphoid-committed progenitors in both the bone marrow (common lymphoid progenitor) and thymus (proT1) maintain a latent granulocyte͞macrophage (G͞M) differentiation potential that can be initiated by signals emanating from exogenously expressed IL-2 receptors. In this study, we investigate at which developmental stage thymocytes lose this G͞M differentiation potential. We demonstrate that the next maturational stage after proT1 cells (proT2), but not preT (TN3) cells, can convert cell fate from lymphoid to myeloid in response to ectopic IL-2 receptor signaling in human IL-2R␤ transgenic mice. It is significant that approximately 10% of clonogenic G͞M colonies derived from proT cells of IL-2R␤ transgenic mice have DJ rearrangement specifically at the D␤1 but not D␤2 segment in the TCR␤ locus. No TCR gene rearrangement is observed in G͞M cells from nontransgenic mice, suggesting that the G͞M cells we observe in this system were truly lymphoid-committed before stimulation with IL-2. In addition, D␤1 and D␤2 DJ rearrangement of the TCR␤ gene may be differentially regulated and thus serve as markers for distinct proT cell maturational stages.
T he thymus is the major site of T cell development. Immature thymocytes express neither the T cell receptor subunit CD3 nor the coreceptor molecules CD4 and CD8, and are thus referred to as triple-negative (TN) cells (1) (2) (3) . These TN cells can be further subdivided into four populations based on T cell antigen receptor (TCR) gene status and expression of cell surface molecules ( (4) (5) (6) . In addition, few of these cells have initiated TCR␤ gene rearrangement (7) . Most TN thymocytes at the next maturational stage (proT2), defined as c-Kit high CD44 ϩ CD25 ϩ , also maintain their TCR gene loci in the germ-line configuration, and as a population these cells have a bipotent developmental potential into T and natural killer (NK) cells (7, 8) . Cells in the proT2 population can also give rise to dendritic cells (9) . Both c-Kit and CD44 expression are down-regulated during progression to the next maturational stage (TN3), and these cells have now begun to rearrange their TCR␤ loci. For the transition from TN3 to TN4 (CD44 Ϫ CD25 Ϫ ) to occur, cells must undergo selection through the preT cell antigen receptor (preTCR) complex composed of a preT␣ chain and a productively rearranged and expressed TCR␤ chain (10) (11) (12) (13) . Thus, the primary purpose of the TN phase in T cell development is likely to select for cells that have undergone productive rearrangement and expression of the ␤ chain of the TCR.
Recently, we found that the most immature lymphoidcommitted cell population in the bone marrow, the common lymphoid progenitor (CLP) (14) , maintains a latent granulocyte͞macrophage (G͞M) differentiation program (15) . Lineage conversion from lymphoid to myeloid can be initiated by signaling through exogenously expressed cytokine receptors for IL-2 or G͞M colony-stimulating factor (GM-CSF), which normally are not expressed on CLPs. Given that GM-CSF receptor expression can be detected in the most primitive hematopoietic precursors (hematopoietic stem cells, HSCs), but not in CLPs, we have proposed that one of the earliest events in lymphoid commitment is down-regulation of cytokine receptors that promote myeloid-lineage cell development. In addition, we have found that the most immature thymocytes, proT1 cells, also maintain a latent G͞M differentiation potential. In contrast, pre-proB cells, the most immature B lineage-committed cells, are not diverted to the myeloid lineage when stimulated through reconstituted IL-2 receptors. Thus, it seems that commitment to the B lineage occurs before rearrangement of the Ig heavy chain (IgH) gene at the pre-proB cell stage (16) . This result prompted us to examine at which stage T cell progenitors lose this cytokine-inducible G͞M differentiation potential and fully commit to the T lineage.
In this study, we characterize the differentiation potential of CD3 Ϫ CD4 Ϫ/lo CD8 Ϫ TN cells. We demonstrate that proT1 and proT2 cells can change cell fate from lymphoid to myeloid after signaling through exogenously expressed IL-2 receptors, revealing a greater plasticity of differentiation activity than previously thought.
Methods
Mice. Wild-type mice are C57BL͞Ka-Thy1.1 (Ly5.2) and congenic C57BL͞Ka-Thy1.1-Ly5.1. Human IL-2R␤ transgenic mice, originally bred on the C57BL͞6 background (17) , were backcrossed to C57BL͞Ka-Thy1.1 through two generations. RAG-2 Ϫ/Ϫ (Ly5.1) mice (11) were established by backcrossing to C57BL͞Ka-Thy1.1-Ly5.1 mice. Mice were bred and maintained in the animal care facility at Stanford University School of Medicine.
Antibodies. Antibodies used for flow cytometric analysis were as follows: FITC-or allophycocyanin (APC)-conjugated anti-Gr-1 (RB6-8C5), APC-conjugated anti-c-Kit (2B8), APC-and nonconjugated anti-CD4 (GK1.5), and Texas Red-conjugated anti-CD8␣ (53-6.7). These antibodies were affinity-purified from culture supernatant from hybridoma cells by protein G column Abbreviations: TN, triple negative; CLP, common lymphoid progenitor; G͞M, granulocyte͞ macrophage; TCR, T cell antigen receptor; APC, allophycocyanin; GM-CSF, granulocyte͞ macrophage colony-stimulating factor; FACS, fluorescence-activated cell sorter; PE, phycoerythrin; NK, natural killer.
*To whom reprint requests should be addressed at present address: Department of Immunology, Duke University Medical Center, Box 3010, Durham, NC 27710. E-mail: motonari.kondo@duke.edu.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
chromatography (Protein G-Sepharose 4 Fast Flow, Amersham Pharmacia) and labeled in our laboratory by standard methods. Phycoerythrin (PE)-conjugated anti-CD25 was purchased from Caltag (Burlingame, CA). FITC-conjugated anti-CD44, FITCand PE-conjugated anti-CD8␣, PE-and biotin-conjugated anti-NK1.1, Cy-Chrome-conjugated anti-CD3, PE-conjugated and biotinylated anti-human IL-2R␤, and PE-conjugated and biotinylated anti-CD19 were purchased from PharMingen. Streptavidin-PE (Caltag) and streptavidin-APC (PharMingen) were used as a secondary reagent if necessary. FACS-sorted cells), products after the first PCR were subjected to Southern blotting.
Results
ProT2 Cells but Not TN3 Cells in the Thymus Maintain a Latent G͞M Differentiation Potential. We have shown that CLP and proT1 cells from human IL-2R␤ transgenic mice can be induced to transdifferentiate into G͞M cells by IL-2 signaling (15). CLPs maintain this latent G͞M differentiation potential for 2 days after being placed in stromal cell cultures, suggesting that lymphoid precursors lose their developmental plasticity at a subsequent maturational stage. To determine the stage at which thymocytes lose IL-2-inducible G͞M differentiation potential, we assayed the CD3 Ϫ CD4 Ϫ/lo CD8 Ϫ TN thymocyte populations of human IL-2R␤ transgenic mice for this activity. TN thymocytes are subdivided into four distinct populations defined by the expression of CD44, CD25, and c-Kit (CD117) (Figs. 1 and 2A) . All TN cells in the thymus express the cytokine receptor common ␥ (␥ c ) chain, which is an indispensable subunit for a functional IL-2 receptor complex (18, 19) . The transgene is under the control of the MHC class I promoter (17) , and human IL-2R␤ expression was observed in all TN cells of the thymus (Fig. 2B) . Thus, all CD3 Ϫ CD4 Ϫ/lo CD8 Ϫ TN cells of the human IL-2R␤ transgenic mice express functional IL-2 receptors comprising human IL-2R␤ and mouse ␥ c chains (20, 21) . This receptor complex is responsive to human but not mouse IL-2. It is well established that proT1 cells maintain the potential to develop into B cells, NK cells, and T cells (5, 22) . In keeping with this observation, we detected both T and B cell readout from proT1 cells intravenously injected into sublethally irradiated RAG2 Ϫ/Ϫ mice (Fig. 2C) . In contrast, proT2 cells did not give rise to B cells in in vivo reconstitution nor in in vitro stromal cell culture (Fig. 2C) . Although no appreciable NK cell readout was observed from either proT1 or proT2 cells in vivo, both cells gave rise to NK1.1 ϩ cells in vitro. Neither TN3 nor TN4 cells gave rise to B or NK cells in the stromal cell culture, but they differentiated into mature T cells in vivo (data not shown).
Next, we purified each population of TN cells by FACS from human IL-2R␤ transgenic thymuses and cultured cells in methylcellulose in the presence of a combination of cytokines sufficient for induction of G͞M colonies from bone marrow cells. As we have reported, CLPs from human IL-2R␤ transgenic mice formed G͞M colonies in methylcellulose only when human IL-2 was added into the culture. ProT1 cells have a basal level of myeloid cell differentiation potential (Fig. 3A and Table 1) , and this activity is greatly enhanced in human IL-2R␤ transgenic proT1 cells in the presence of IL-2. ProT2 cells from IL-2R␤ transgenic mice also formed G͞M colonies (Fig. 3 A and C) in the presence of IL-2. ProT2 cells show no basal G͞M developmental potential, demonstrating that G͞M colony formation is totally dependent on human IL-2 ( Fig. 3 A and B) as for CLPs (15) . In stromal cell cultures, Gr-1 ϩ Mac-1 ϩ G͞M cells were induced from proT1 and proT2 but not from TN3 or TN4 populations of human IL-2R␤ transgenic mice in the presence of human IL-2 (Fig. 3D) . When the latent myeloid differentiation potential of proT1 and proT2 cells was induced, lymphoid readout frequency (B or NK cell readout in this case) from these cells in stromal cell culture was reduced ( Table 1) , demonstrating that myeloid cell readout occurs at the expense of lymphoid development. G͞M cell readout was not observed from IL-2R␤ transgenic proT1 and proT2 cells when human IL-2 was added 4 days after initiation of the culture (Fig. 3D) , suggesting that this latent G͞M differentiation potential initiated by ectopic IL-2 receptor signaling is maintained in proT1 and proT2 cells for a limited time during development.
TCR Gene Rearrangement in G͞M Colonies Derived from proT Cells of
IL-2R␤ Transgenic Mice. Because TCR gene rearrangement is a lymphoid-specific event (23), one may imagine that irreversible lymphoid commitment occurs at or before the initiation of TCR gene rearrangement. The TCR loci (Fig. 4A ) of all proT1 and proT2 cells are in the germ-line configuration (7); however, more recent results suggest that a substantial number of proT cells have DJ rearrangement of the TCR␤ genes (24, 25) . In fact, DJ rearrangement of the TCR␤ loci was observed in proT1 and proT2 cells by using nested PCR (Fig. 4B) , although we could not detect TCR␤ DJ rearrangement bands after single-round PCR by staining with ethidium bromide (data not shown), which may be due simply to the low frequency of proT cells with TCR␤ DJ rearrangement. This evidence prompted us to examine TCR␤ locus rearrangement status in G͞M cells derived from IL-2R␤ transgenic proT cells to determine whether a correlation exists between G͞M differentiation potential and TCR␤ gene rearrangement. We analyzed 220 G͞M colonies derived from proT1 and 126 G͞M colonies derived from proT2 cells of IL-2R␤ transgenic mice for TCR␤ rearrangement. Because each colony formed in methylcellulose is derived from a single cell, the TCR gene status should reflect the TCR␤ gene status of the originally plated proT cell. By using genomic PCR analysis, we found that 18 colonies (8.1% of total colonies) from proT1 and 12 colonies (9.5%) from proT2 had D␤1J␤1 rearrangement but not D␤2J␤2 or V(D)J␤ rearrangement of the TCR␤ loci (Fig. 4C) . Obvious skewing in the usage of specific J␤1 segments was not observed (data not shown).
It has been established that TCR␤ DJ rearrangement may occur in other lymphoid lineage cells, such as B cells, but not in myeloid cells (23) . If this finding is true, the existence of TCR␤ DJ rearrangement in G͞M cells demonstrates genetically that lineage conversion from lymphoid to myeloid outcomes is induced by ectopic cytokine receptor signaling.
To confirm this assertion, we purified polyclonal Gr-1 ϩ Mac-1 ϩ G͞M cells derived from IL-2R␤ transgenic proT1 and proT2 cells in stromal cell cultures and analyzed their TCR␤ gene status with PCR analysis (Fig. 4D) . Bone marrow cells from RAG2 Ϫ/Ϫ mice were used as background control for this assay, because they do not have any TCR gene rearrangement (11) . In accordance with the results of the clonogenic analysis shown in Fig. 4C , D␤1J␤1 rearrangement bands were observed in the G͞M cells derived from IL-2R␤ transgenic proT cells (Fig. 4D,  lane 3) . However, no rearrangement bands were observed in G͞M cells purified from the bone marrow of wild-type C57BL͞ Ka-Thy1.1 mice (Fig. 4D, lane 4) . We independently sorted Gr-1 ϩ Mac-1 ϩ cells from the bone marrow of wild-type mice three times. In each case, we did not observe any TCR gene rearrangement bands in the G͞M cells from the normal bone marrow, even after prolonged exposure (data not shown), demonstrating that G͞M cells do not rearrange their TCR loci under normal physiological conditions. In contrast, 8-10% of proT cell-derived G͞M cells have TCR gene rearrangement, which is limited to D␤1 rearrangement. These results suggest that proT cells that have initiated D␤1 rearrangement of the TCR␤ locus maintain a latent G͞M differentiation potential. However, the initiation of D␤2 gene rearrangement seems to occur at a distinct developmental stage associated with the loss of latent G͞M differentiation potential. More importantly, these results provide strong genetic evidence that lineage conversion from lym- phoid to myeloid can be induced through cytokine receptor signaling.
Discussion
Hematopoietic stem cells can differentiate into all blood cells and reconstitute the hematopoietic system in vivo (26) . During maturation, hematopoietic stem cells gradually lose differentiation potential as they commit to certain lineages (27) . The recent identification of CLPs and common myeloid progenitors demonstrates that lymphoid and myeloid lineages are separable at the progenitor level (14, 28) . Lineage commitment (at least in the hematopoietic lineage) is generally thought to be an irreversible event that is tightly regulated by lineage-specific gene expression (29) . Although lineage commitment is irreversible under physiological conditions, we find a latent G͞M differentiation potential in CLPs and proT cells that can be activated by signals emanating from ectopically expressed cytokine receptors (Fig. 3) (15) . These data give us a more complete understanding of lymphoid lineage commitment.
One critical aspect of lineage commitment from multipotent progenitors is the expression of genes that drive this process. Although many genes play critical roles in lymphocyte development (30, 31) , these genes do not necessarily prohibit differentiation programs for myeloid cell development. Our studies support a model for lymphoid commitment in which the first step is down-regulation of cytokine receptors whose signaling can initiate a G͞M differentiation program (15) . As the cells continue developing into lymphocytes, they gradually lose all potential of differentiating into the myeloid lineage. Specifically, we showed that CLPs, proT1 and proT2 cells, develop into G͞M lineage cells when stimulated through exogenously expressed IL-2 receptors. A 2-day window occurs during which these cells are responding to lymphopoietic signals and after which these cells are no longer able to convert from their lymphoid fate to the G͞M lineage in in vitro bone marrow stromal cell cultures (15) . These data suggest that irreversible lymphoid commitment may occur only when cells commit to a specific single-lymphoid lineage, such as T, B, or NK cells. If this suggestion is true, one would expect that genes expressed in a lineage-restricted manner play a central role in irreversible lymphoid commitment. For the B cell lineage, the Pax5 transcription factor is a good candidate for such a commitment gene because Pax5 null mice contain B lineage-like cells that do not suppress myelomonocytic outcomes (32) .
Approximately 10% of G͞M colonies derived from IL-2R␤ transgenic proT cells through IL-2 receptor signaling had rearrangements in the TCR␤ loci. These data clearly show that the lineage conversion detected was truly from lymphoid to myeloid outcomes, because antigen receptor gene rearrangement is a lymphoid-specific event (23) . This result may have significance for other cases of recorded apparent lineage infidelities. For example, it is possible that aberrant cytokine receptor expression may be responsible for the lineage infidelity seen in acute myelogenous leukemia cells, some of which have rearrangements in TCR genes together with myeloid-specific gene expression (33) . Acute myelogenous leukemia cells can also show Ig gene rearrangement (33) (34) (35) . As we reported (15) , G͞M cells could not be induced from proB cells of human IL-2R␤ transgenic mice upon human IL-2 stimulation. It is likely that proB͞preB cells can be induced to change cell fate from lymphoid to myeloid, but at this time we do not know which receptors can change cell fate in primary immature B cells. In support of our hypothesis that immature B cells also maintain a latent myeloid One to 40 cells were clone-sorted into each well of 96-well plates layered with OP9 stromal cells and cultured for 7-10 days in the presence of SIF, FL, IL-7, and human IL-2. Positive readout was determined by microscopic observation. Outcome lineage was confirmed by flow cytometric analysis. The limiting number was obtained as described (14) . *Too few positive events to determine the limiting number. † No positive readout was observed. After nested PCR, amplified products were subjected to 1.2% agarose gel electrophoresis and visualized under UV light after ethydium bromide staining. Spleen T cells (1 ϫ 10 3 ) were used as a control. After purification from agarose gel, amplified DNA from the first PCR was serially diluted as indicated in the figure and used as the template for the second PCR. (C) D␤1J␤1 (Top) and D␤2J␤2 (Bottom) rearrangement was examined in G͞M colony-forming cells derived from IL-2R␤ transgenic proT cells. Data shown are representative of five independent colonies derived from proT1 cells of IL-2R␤ transgenic mice. Because the sizes of D␤1J␤1.1 and D␤1J␤1.2 were too close to be distinguished, these two are denoted by J␤1.1͞1.2 in this study. No D␤2J␤2 rearrangement was observed in any of the G͞M colonies analyzed. (D) TCR␤ gene rearrangement in polyclonal cell populations. Double-sorted IL-2R␤ transgenic proT cells (1 ϫ 10 5 ; both proT1 and proT2 cells) were cultured on OP9 stromal cell layers in the presence of SlF, FL, IL-3, GM-CSF, and human IL-2. After 6 days of culture, Gr-1 ϩ Mac-1 ϩ G͞M cells were sorted and analyzed for TCR␤ gene rearrangement by PCR (lane 3). Gr-1 ϩ Mac-1 ϩ G͞M cells from wild-type (WT) bone marrow were also used in this analysis (lane 4). Amplified products were separated on 1.2% agarose gel and transferred to a nylon membrane. Amplified bands were detected by hybridization with 32 P-labeled D␤1.1 int and J␤1.7 oligos followed by autoradiography. Genomic DNA from wild-type spleen T cells (lane 2) and RAG2 Ϫ/Ϫ bone marrow cells (lane 1) were used as positive and negative controls, respectively. The band marked with an asterisk ( * ) is a PCR artifact that is also seen in RAG2 Ϫ/Ϫ cells. differentiation potential, ectopic M-CSF receptor signaling or coexpression of c-myc and v-raf can induce a morphological change of B cell lines from lymphoid to macrophages (36, 37) .
One particularly important finding we describe here is that the DJ␤ rearrangement observed in proT-derived G͞M cells is limited to the D␤1 locus. Gene rearrangement of antigen receptors is regulated by various factors (38) (39) (40) . Although the specific role of transcriptional activation in gene rearrangement is not fully understood, activation of the promoter located 5Ј to D␤1 (PD␤) is necessary for initiation of D␤1 rearrangement. Replacement of PD␤ with a tetracycline-inducible promoter initiates DJ␤ rearrangement in a tetracycline-dependent manner (41) . In addition, mice that have a deletion of PD␤ have no D␤1 rearrangement (42) . In contrast, D␤2 rearrangement and C␤2 germ-line transcription are not affected in this line of mice, suggesting that the promoter at the 5Ј flanking region of the D␤2 segment is independently regulated. In regard to lineage commitment, we find that proT cells clearly maintain a latent G͞M differentiation activity through the stage during which D␤1 gene rearrangement occurs. Because we failed to detect D␤2 rearrangement in proT-derived G͞M colonies, it may be that when proT cells transit to the maturational stage at which D␤2 rearrangement occurs, they have lost G͞M transdifferentiation activity. However, given that D␤1 rearrangement is much more prevalent in proT1 and proT2 cells than D␤2 (Fig. 4B) , assuming that the amplification efficiency of both PCR reactions is comparable, we simply may not have screened enough proTderived G͞M colonies to detect D␤2 rearrangement. If the former hypothesis holds true, it would be of significant interest to determine whether the same regulatory factors are responsible for both the initiation of D␤2 rearrangement and irreversible T lymphocyte commitment.
To understand the plasticity of differentiation potential that we observe in CLPs and proT cells, it is necessary to elucidate the gene expression profiles of each cell population. Of central interest are the genes that are induced in lymphoid-committed progenitors during the cytokine-induced transdifferentiation process from lymphoid to myeloid lineage initiated by signaling through ectopic cytokine receptors. Thus far, we have not observed G͞M lineage-specific gene expression in either CLPs or proT cells (15, 28) . In depth analysis of the hierarchical relationship of genes that determine cell fate should lead us to a better understanding of normal lymphopoiesis and the aberrant process of leukemogenesis.
